The thickness of the mantle transition zone beneath Cameroon has been mapped using data from the [2005][2006][2007] Cameroon Broadband Seismic Experiment to evaluate models for the origin of the Cameroon Volcanic Line (CVL). Some 2200 receiver functions have been stacked using a 3-D velocity model, revealing P s conversions from the mantle transition zone discontinuities at depths of ∼410 and 660 km. Results yield a nearly uniform transition zone thickness (251 ± 10 km) that is similar to the global average, implying that any thermal anomalies in the upper mantle beneath the CVL do not extend as deep as the transition zone. This finding, when combined with regional P and S velocity models of the mantle, supports an explanation attributing the origin of the CVL to upper mantle processes such as an edge flow convection cell in the upper mantle along the northwestern side of the Congo Craton lithosphere.
I N T RO D U C T I O N
The ∼1600 km linear Cameroon Volcanic Line (CVL) spans the ocean-continent boundary in West Africa and is comprised of numerous volcanic centres in continental Cameroon and on four islands: Bioko, São Tomé and Príncipe, and Annobon (Fig. 1) . The volcanic centres range in age from Eocene to Recent, and are generally alkaline massifs emplaced in a N30
• trend, similar to more than 60 Paleocene to early Oligocene anorogenic plutonic complexes (Déruelle et al. 1991) . The volcanism was initiated as early as 42 Ma, and became widespread along the CVL during the Oligocene (Marzoli et al. 1999 (Marzoli et al. , 2000 . Many of the volcanic centres have had activity in the past one million years (Fitton & Dunlop 1985) , with the most recent activity occurring at Mt. Cameroon. The continental portion of the CVL developed within the Pan African Oubanguides or North Equatorial fold belt to the north of the Archean Congo Craton (Fig. 1) .
The age pattern of the volcanism is not easily accounted for by a single hotspot beneath a moving plate, as discussed by Morgan (1983) , Van Houten (1983) , Lee et al. (1994) and Burke (2001) . Therefore a number of other models for the origin of the CVL have * Now at: IRIS PASSCAL Instrument Center, New Mexico Tech, 801 Leroy Pl, Socorro, NM 87801, USA.
†Now at: P.C. Rizzo Associates, Inc., Pittsburgh, PA 15235, USA.
been suggested, such as multiple plumes (Ngako et al. 2006) , flow from the Afar plume channelled by thinned lithosphere beneath central Africa (Ebinger & Sleep 1998) , decompression melting beneath reactivated shear zones (Fairhead 1988; Fairhead & Binks 1991) , edge-flow convection (King & Anderson 1995 King & Ritsema 2000; King 2007) , and vertical flow of hot material from the base of the transition zone induced by shear heating below the 660 km discontinuity (Meyers et al. 1998) . In a recent study, Reusch et al. (2010) argued for an edge-flow convection model based upon tomographic images showing a tabular low velocity anomaly (LVA) beneath the CVL extending to at least 300 km depth that is not consistent with much shallower LVAs predicted by plume models. Reusch et al. (2010) attributed the LVA to a thermal anomaly of ≥280 K. Because of limitations in model resolution, Reusch et al. (2010) could not determine if the LVA extended deeper than ∼300 km. Consequently, they could not fully evaluate the vertical flow model proposed by Meyers et al. (1998) , nor could they test the edge-flow model by comparing the depth of the LVA against the depth predicted by the distance between the CVL and the Congo Craton.
In this study, we investigate the depth extent of the LVA beneath the CVL by mapping the topography of the 410 and 660 km discontinuities using receiver-function stacks from teleseismic earthquakes recorded by the Cameroon Broadband Seismic Experiment (Tibi et al. 2005) . The mantle transition zone is bounded by discontinuities at the globally average depths of 410 and 660 km that are generally interpreted as mineral phase transformations in olivine (Bina & Helffrich 1994) . Because the slopes of the phase transitions on a pressure-temperature plot (Clapeyron slopes), are opposite in sign for the 410 and 660 km discontinuities, the transition zone thickness (TZT), defined as the thickness of the region between the discontinuities, can provide information about the thermal structure of the upper mantle. So, for example, a thinner-than-average TZT indicates a warm thermal anomaly, whereas a thicker-thanaverage TZT would be a cooler thermal anomaly. By mapping the topography of the 410 and 660 km discontinuities and determining the thickness between them, we can address whether or not the LVA imaged using body-wave tomography (Reusch et al. 2010 ) is a deep-seated thermal anomaly extending well into the mantle transition zone, as predicted by the Meyers et al. (1998) model, or a shallower anomaly more consistent with the edge-flow model.
M A N T L E T R A N S I T I O N Z O N E P WAV E R E C E I V E R F U N C T I O N S
The data used in this study were recorded between 2005 January and 2007 February by the Cameroon Broadband Seismic Experiment, which consisted of 32 portable broad-band seismometers installed across Cameroon, West Africa (Fig. 1) . Data from earthquakes with m b ≥5.0, located at epicentral distances of between 30
• and 90
• and distributed over a wide range of back azimuths were used for this study. The time domain iterative deconvolution method of Ligorría & Ammon (1999) , applied to seismograms rotated into vertical, radial and transverse components, is used to generate the receiver functions. The ray-theoretical P s conversion points at a depth of 410 km for the 2210 station-event pairs used are shown in Fig. 1 to demonstrate the spatial coverage of the data set.
Following the Owens et al. (2000) methodology, a geographical binning technique that included a 3-D velocity model of the upper mantle was used to stack the radial receiver functions. The 3-D velocity model was taken from Reusch et al. (2010) , where P and S relative traveltime residuals were used to invert for upper mantle velocity variations. Crustal structure in the 3-D model was taken from Tokam et al. (2010) . Using the 3-D model, the traveltime and piercing point for every P s conversion were calculated from 0 to 800 km depth for each station-event pair in 10 km intervals. The traveltime for a P s conversion at a specified depth was used to extract the amplitude from each receiver function. Then, for that depth, all of the amplitude measurements falling within a circular region (bin) were stacked. Permutations in the stacking procedure that were tried included changing the diameter of the bin, altering the minimum number of measurements in each bin, varying the minimum number of stations represented in each bin, and performing the stacking using the 1-D IASP91 model from Kennett & Engdahl (1991) .
We found that the optimal stacking parameters included a minimum of 30 receiver functions per bin from at least four stations, Cameroon mantle transition zone thickness 3 a bin radius of 1.0
• , a bin increment of 0.25
• and a Gaussian filter width of 0.5 for computing the receiver functions. The addition of P s conversions from PP waves resulted in less coherent stacks with either elongated or complex arrivals, and therefore they were not used. Owens et al. (2000) found that for their method of stacking receiver functions with a 3-D velocity model, the precision of the depth estimate of the discontinuities is on the order of ±3 km. However, because of uncertainties in crustal thickness (Tokam et al. 2010) , and upper mantle velocities (Reusch et al. 2010) , we estimate the uncertainties in the inferred discontinuity depths to be in the order of ±5 km.
Several receiver function profiles are shown in Fig. 2 , illustrating the quality of the receiver function stacks. On profiles A-A , B-B and C-C clear P s arrivals from the 410 and 660 km discontinuities can be seen. Although a slight apparent deepening of both discontinuities is seen with increasing latitude, likely due to lateral velocity variations within the region above the transition zone, overall the TZT remains unchanged across the profiles. Even though the stacked P s arrivals are adjusted for lateral heterogeneity in upper mantle structure using a 3-D velocity model, the depths of the discontinuities could remain biased from the true depths because structure in the velocity model is not fully resolved. Therefore, changes in the TZT provide a more robust indication of a thermal perturbation at transition zone depths than do the absolute depths of the 410-660 km discontinuities. In addition, all four profiles show coherent arrivals in some locations around depths of 500 ± 20 km. These arrivals possibly correspond to the 520 km discontinuity, but they are not continuous across the profiles or as clear as the P s arrivals from the 410 or 660 km discontinuities. Therefore, we do not interpret them.
A map showing the TZT for the study area is displayed in Fig. 3 . In spite of small variations in the topography of the 410 and 660 km discontinuities seen in the receiver function stacks, the overall TZT remains fairly consistent across the study area, with an average of 251 ± 10 km. For the majority of the study area, there is a variability of about ±10 km in the thickness between stacked receiver functions, but this variability falls within the uncertainty of the individual TZT estimates.
An unusual area with respect to the rest of the study area is identified in Fig. 3 by the region coloured in red, located in the southwestern part of Cameroon encompassing part of the northern edge of the Congo Craton and the mobile belt. This region is characterized by two P s arrivals in the 600-700 km depth interval (see phases noted with question marks on profile D-D in Fig. 2) . If the deeper arrival is picked as the '660', then a TZT consistent with the rest of the study region is obtained (i.e. ∼240-250 km). The nature of the coherent arrival at ∼620 km depth is not clear. One possibility is that the arrival originates from scattering at that depth caused by small-scale structure. Alternatively, the arrival could constitute a multiple phase from a deeper and a shallower interface. Because it is not clear why there is a coherent arrival at ∼620 km depth, we opt not to include the results for this region in the average TZT we report. Perhaps related to the same geographical region is the appearance of negative arrivals at a depth of ∼550-600 km at the southerly end of lines A-A , C-C and D-D . The southern ends of these three lines all fall close to or inside the red-marked region in Fig. 3 , and perhaps complex structure in this region at these depths could be contributing to the strong amplitude negative arrivals, as well as the double P s arrivals between 600 and 700 km depth.
D I S C U S S I O N A N D C O N C L U S I O N S
The main finding of this study is that there is no obvious difference in the TZT beneath the CVL compared to the regions adjacent to it. The average TZT of 251 ± 10 km is comparable to global estimates of average TZT thickness, which range from 242 to 260 km (Flanagan & Shearer 1998; Chevrot et al. 1999; Lawrence & Shearer 2006) ; Courtier et al. 2007 . Thus, there is little, if any, evidence for a thermal anomaly within the transition zone.
As discussed in the introduction, Reusch et al. (2010) found a tabular velocity anomaly under the CVL, which they attributed to a temperature anomaly of ≥280 K, extending to at least 300 km depth. Using a Clapeyron slope of 2.9 MPa K −1 for the 410 km discontinuity and -2.1 MPa K −1 for the 660 km discontinuity (Bina & Helffrich 1994) , a thermal anomaly of >280 K would perturb the TZT by 30 km or more. Our result, showing an average TZT of 251 ± 10 km, therefore, demonstrates that a thermal anomaly of ≥280 K under the CVL does not likely extend as deep as the transition zone. Reusch et al. (2010) argued that the model for the origin of the CVL most consistent with their tomographic images and the lack of an age progression in the volcanism in the CVL is the edgeflow model (King & Anderson 1998; King & Ritsema 2000; King 2007 ). The edge-flow model invokes a thermal downwelling adjacent to the colder Congo Craton lithosphere with a warm upwelling 200-700 km away, driven by the temperature difference between the thicker and cold Archean craton lithosphere and the adjacent convecting mantle under the thinner Proterozoic lithosphere. Because there is no observed thinning of the TZT nor any significant topography on the 410, this suggests that the convection cell is limited, perhaps by the magnitude of the thermal perturbation (King & Anderson 1998) , to the upper ∼400 km of the mantle.
Thus, the results of this study are consistent with the edge flow model, strengthening its viability as a candidate model for the origin of the CVL. To illustrate further this finding, Fig. 4 shows the LVA under the CVL together with a sketch of the edge-flow convection pattern and the receiver functions stacks showing the P s conversions from the 410 and 660 km discontinuities. The LVA in the tomographic image shown in this figure extends into the transition zone, but as explained by Reusch et al. (2010) , there is more than 100 km of vertical smearing in the tomographic images, and thus the bottom of the LVA is probably at a depth of around 300 km, or perhaps even shallower.
The other model mentioned in the introduction that would be consistent with a slab-like LVA in the mantle under the CVL is the model from Meyers et al. (1998) , in which shear heating from below the 660 km discontinuity gives rise to a vertical upwelling of hot material. The upwelling in this model comes from the base of the transition zone, and would be manifest as a thermal anomaly beginning at around 660 km depth. Such a deep-seated thermal anomaly is not consistent with the TZT beneath Cameroon, and therefore, this model is not favoured. (Fig. 3) showing the P wave tomographic image from Reusch et al. (2010) and the receiver-function stacks. The curves with arrows illustrate the model of edge-flow convection pattern along the northern edge of the cold Congo Craton lithosphere. The red lines mark the picks for the 410 and 660 km discontinuities, where evident.
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